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A control1er was built utilizing transistors and silicon controlled 
__ .,_ • ._. __ -·~-- »-~·-
rectifiers -~? allow to:rque con~rol of the General Electric dynamometer, 
type TLC-50. The current gain of the controller was approximately 106 
such that the field current could be controlled by an input current of 
zero to approximately two microaaperes. ' 0-
The transfer function for the controller-dynamometer system was ex-
perimentally determined. The results indicate that the gain of the open 
loop torque control system is constant for frequencies up to 1.1 radians 
per second. 
Satisfactory values of gain for proportional and proportional plus 
integral control, were experimentally determined by operating the closed 
loop systems at different gain values, and looking at the response of 
the system to a step input. The desired response was to reach the new 
set point as fast as possible with a minimum amount of overshoot. The 
time required for the system to reach the steady-state operating point 
was approximately 0.5 seconds with no detectable overshoot. 
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2 
II .• REVIEW OF LITERATURE 
A literature review was made in an effort to determine what type 
controller would be most suitable for this projec~. 
* In 1964 the Dunstable Factory of Vauxhall Motors LTD (A:_) converted 
their thirty Bruce Peebles DC dynamometers, to automatic control. 
The system utilizes a closed loop control feeding the control wind-
ing of a magnetic amplifier. The output of the magnetic amplifier feeds 
the separately-excited field winding of the dynamometer. 
Oately states that the inherent reliability of the transistor and 
the magnetic amplifier (by comparison, that is, with the thermionic 
valve and the thyratron) has made electronic control methodS much more 
acceptable for industrial purposes. 
The Engineering Laboratory Instrumentation, Dynamometer Section, 
Chevrolet Engineering Center is using a Data-Trak Portable Programmer 
Console for automatic control of their dynamometer facility (1.). 
With the Data-Trak, complex analog functions can be described by 
a single line, and continuously followed by an electro-static curve 
following system. 
Power transistors are used extensively in this application to 
achieve good reliability and high current gain. 
* Numbers underlined indicate listings in Bibliography. 
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III· COMMUTATOR MACHINE THEORY 
The General Electric TLC-50 Dynamometer can be operated as either a 
DC generator or DC motor. The motor action is useful when running fric-
tion tests or motoring an engine during starting. The generator action 
is used when the dynamometer is absorbing torque. 
The characteristics of the DC generator with a separately excited 
shunt field were investigated. Figure 1. is a schematic diagram of the 
separately excited shunt wound DC generator {hl*. 
The mechanical variables are angular velocity and torque. Lower-case 
symbols are used when an electric variable is an instantaneous value. 
Capital letters are used to signify constant or average values. If the 
variables are not changing, the machine is said to be operating in the 
steady-state condition. 
The field current (if) in a winding of N turns produces a magneto-
motive force (N.), which in turn produces a magnetic flux (~) in the 
~ 
magnetic circuit. 
From Faraday's Law, a conducting loop rotating in a constant magnetic 
field has a voltage induced in it: 
dA. 
e =-g dt (1) 
where: A. = magnetic flux linkages through the coil, webers 
and t = time, seconds. 
* This bibliography listing is in reference to all material presented 











Figure 1. Separately Excited Shunt DC Generator 




n = 1/4 
n = Angular Velocity 
Field Current, if 
Figure 2. Generated Voltage Curves 
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Each closed conducting path in a generator rotor has a voltage induced 
in it according to equation (1.), where dA/dt is proportional to the 
magnetic flux ~ and the angular velocity n. The proportionality con-
stant Kg is a constant for any given generator. Now equation (1.) 
becomes: 
e = K • ~ • n (volts) g g (2.) 
The flux in a magnetic circuit is a nonlinear function of the mag-
netomotive force exciting the circuit. The magnetomotive force is pro-
portional to the field current (if). Therefore from equation (2.), the 
instantaneous generated voltage (e ) is shown in Figure 2. as a function g 
of field current (if)• with angular velocity (n) a normalized parameter. 
That is, if the normalized angular velocity is 1000 R.P.M., then n = 3/4 
would be 750 R.P.M. 
The generator shown in Figure 2. is driven at constant angular 
velocity (n), while field current (if) is varied by adjusting the field 
resistor (Rf)• Since there is no load connected to the output terminals 
(et), the current in the armature circuit is zero. Therefore, the generated 
voltage (eg) equals the terminal voltage (et)• 
Generator action occurs, from Faraday's Law, when a conducting loop 
is rotated in a constant magnetic field. Motor action is due to a torque 
developed when the conductors of a rotor carry a current, and are sur-
rounded by a magnetic field perpendicular.to the conductors. 
The magnitude of the magnetic force on a straight conductor of 
length (i), carrying current (I), in a uniform field (B) is: 
F = I • i • B (pounds) (3.) 
where: B = magnetic induction of a magnetic field, webers/meter2 
The total torque developed by the rotor is given by: 
where: 
Td = Kt • ~ • ia (foot-pounds) 
foot-pounds Kt = torque constant for the generator~ b 
we ers-amps 
ia = armature current, amps 
~ = flux in the magnetic circuit, webers 
6 
(4.) 
Now remembering that ~ is a function of if' Figure 3. shows torque versus 
field current, with armature current (i ) as a normalized parameter. 
a 
Figure 4. shows the generator with an armature resistance (Ra), 
inductance (La), and armature current (ia). A relationship between 
generated voltage (eg) and terminal voltage (et) is desired. The direc-
tions of eg~ et, and ia are assumed positive as shown. Applying Kirchoff's 
voltage law we have: 
(5.) 
where: R =equivalent internal resistance of armature (ohms), 
a 
and La= inductance of armature (henries). 
By substituting e from equation (2.) into equation (5.) and solving g 
for n the speed equation is obtained: 
et - i R - L (di /dt) 
a a a a 
n = ~~--~~--~~~----K • ~ g 
(R.P .M.) (6.) 
Now if equation (4.) is solved for steady-state current (I>~ and sub-
a 
stituted in equation (6.), the steady-state speed equation is obtained. 





= ---=--Kt • ~ 
Substitution into equation (6.) yields: 
Et 
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Field Current, If 
= 1 1/2 
1 
I = 1/2 
a 
I = Armature Current 
a 
Developed Torque Versus Field Current 
F~gure 4. Commutator Machine Schematic 
7 
8 
Note: for steady-state (di /dt) = 0. 
. a 
Now if the field flux ( ~) is held constant, equation (7.) represents a 
family of speed versus torque curves with Et as a normalized parameter. 
These curves are shown in Figure 5. Motor action occurs when the direc-
tion of rotation and developed torque are the same. Generator action 
occurs when the direction of rotation and developed torque are opposite. 
Mechanical Power developed by the rotor is given by: 
where: Td = developed torque, foot-pounds 
and n = angular velocity, R.P .M. 
For an electric motor, some of the developed power is lost by rotor wind 
resistance, friction, and hysteresis and eddy current losses in the 
rotor iron. For a generator, the developed mechanical power is converted 
to electrical power with a small fraction being lost in iron losses and 
friction. 
The shaft torque (Ts) differs slightly from the developed torque 
(Td), by the friction torque (Tf). The friction torque (Tf) is the torque 
necessary to overcome wind resistance, bearing friction, and iron losses 
in the machine. Tf is a nonlinear function of speed and flux, as shown 
in Figure 6. Often times the developed torque is a good linear approxi-
mation to shaft torque. 
The commutator machine can be thought of as an amplifier. In this 
application, the machine has much in common with a direct-coupled 
amplifier, but frequency response is limited to very low frequencies. 
The previous discussion has been limited to steady-state models. 
The following discussion is extended to include dynamic analysis, in-
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Figure 5. Speed Versus Torque Curves 
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inertia. The models used for this dynamic analysis are systems of 
ordinary differential equations. In order to find solutions to these 
equations, it is convenient to require that the differential equations 
be linear, and have constant coefficients. Due to this requirement, 
some dynamic linear approximations must be established. 
The field circuit of the commutator machine is highly inductive. 
The voltage equation for the field loop of Figure (2.) is: 
(9) 
where: Lf = self inductance parameter of the .field circuit, henries. 
Since the field contains an iron core, Lf is not constant for all 
values of if. Figure 7. is a plot of field flux (~) as a function of 
if. The inductance (Lf) is given by: 
where: Nf = number of turns in field 
::f = slope of ~ versus if curve 
Therefore, the inductance is dependent on the field current (if). 
The armature circuit of a commutator machine can be represented, 
as shown in Figure 4., by an equivalent voltage generator (eg)' the 
series armature resistance (Ra), and the armature inductance (L ). 
. a 
The voltage equation for the armature loop is: 
di . 
a 
eg +La~+ Raia = et 
The armature inductance is not constant, and is a function of i , just 
a 
as Lf is a function of if. 
The inertia of the rotor tends to discourage rapid changes in rotor 
angular velocity. This inertia produces an inertia torque proportional 
to angular acceleration. 
+·()..-----. 
Field Current, if 





Figure 8. The Separately Excited Shunt Generator 
As A Voltage Amplifier 
11 
Ti = J ~~ (foot-pounds) 
where: Ti = inertia torque, foot-pounds 
w = angular velocity, radian/second 
J = moment of inertia of the rotor about its axis 
of rotation, pounds-feet-second2. 
12 
(12.) 
The inertia torque is opposite in direction to the direction of accelera-
tion of the rotor. 
Although the commutator machine is a nonlinear device when operating 
over its entire range, it can be considered linear for small variation 
of field flux at low flux dens~ties. 
A system of linear differential equations can be written, and a 
transfer function for the machine can be obtained. The transfer function 
is the ratio of the response variable to the excitation variable, where 
both variables are expressed as functions of the Laplace transform 
operator,.s. The transfer function is therefore, a linear model of the 
machine around some operating point. 
A separately excited shunt generator with load resistance, is shown 
in Figure 8. We would like to find the transfer function of the generator, 
when used as a low-frequency voltage amplifier. The excitation or in-
put variable is defined as the field voltage (Ef(s)) and the response 
or output variable, is defined as the armature terminal voltage (Et(s)) 
as shown in Figure 8. The transfer function (G(s) = Et(s)/Ef(s)) is the 
voltage gain obtained from the system of differential equations in the 
s domain. From equation 9. we have: 
(13.) 
13 
from Figure 2.; 
E (s) = K • w • If (s} g . gl (14.) 
from Figure 8. 
E (s) 
i (s) == --.....=-----
a R +R_+L ·S' a -~ a 
also 
Combining the above two equations yields! 
E (s) - ~ . Eg(s) 
t R +R_+L •S 
a -L a 
(15.) 
Substitution of If(s) from equation (13.) into equation (14.), and 














The Bode plot for this transfer function is shown in Figure 9. 
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Figure 10. (a~) SCR Junction Diagram 
(b.) Voltage-Current Relationships 
(c.) Schematic Representation 
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IV. CONTROLLER DESIGN 
A controller was needed. which could supply a maximum of five amps 
at 250 volts, for field excitation. It was desired to be able to con-
--.~~-·"--~~-~ .. -··· .... ···~· ... ,, _,, ........ __ .. . '"'···- ···-· 
trol the output current and voltage mentioned above, with a very small 
input current, such as micro-amperes. 
A~ Silicon Controlled Rectifier Operation 
A silicon controlled rectifier power supply with a transistor pre-
amplifier was chosen for reasons of low cost and availability of parts. 
The silicon controlled rectifier is the primary feature of the 
controller since it supplies the output power for the field excitation. 
The silicon controlled rectifier (SCR) is a thyristor, which is defined 
as; any semiconductor switch whose bistable action depends on P-N-P-N 
regenerative feedback ~· The SCR is unidirectional, in that current 
flows from anode to cathode only. It has three terminals, anode, cathode, 
and control gate. 
Figure 10 shows the SCR junction diagram, principal voltage-current 
relationships, and the schematic representation. 
As shown in Figure lO.b, the reverse-bias operation (anode nega-
tive with respect to cathode) is very similar to a P-N junction semi-
conducter diode. In reverse-bias, the SCR has a very high internal 
impedance with a small amount of reverse current called reverse blocking 
current. This current is very small until the reverse voltage exceeds 
the reverse breakdown voltage, at which point the reverse current in-
creases rapidly. 
During forward-bias operation (anode positive with respect to 
cathode), the SCR may have either very high impedance or very low im-
pedance (forward-conducting or 110N11 state). In the high impedance 
16 
("OFF" state), a small forward current called forward off state current, 
flows through the SCR. As the forward bias voltage is increased, a point 
is reached at which the forward current increases rapidly, and the SCR 
switches to the "ON" state. The value of the voltage at this point is the 
forward breakover voltage. When the SCR is in the "ON" state, the for-
ward current is limited only by the external circuitry. 
Due to the characteristics above, the SCR is useful in switching 
applications. When the forward breakover voltage is reached, the SCR 
remains in the "ON11 state until current through the anode to cathode is 
reduced to a value called the holding current. At this point, the SCR 
goes back into the "OFF" state. 
The forward breakover voltage can be varied or controlled by a 
voltage applied at the control gate. In normal operation, the SCR is 
operated with working voltages well below the value of breakover voltage, 
and is made to switch on by a control gate signal of sufficient ampli-
tude to assure that the SCR switches on at the instant desired. 
After the SCR is on, the current through the main terminals is 
independent of the gate voltage or current. The SCR remains on due to 
the regenerative feedback action, until the principal current is re-
duced to a level below that required to sustain conduction. 
The regenerative feedback is best visualized as consisting of two 
transistors, a P-N-P and an N-P-N, interconnected to form a regenerative 
feedback pair, as shown in Figure 10. d. Current gain around the in-
ternal feedback loop is, G = hFEl x hFEZ, where hFEl and hFE2 are the 
common emitter current gains of the individual transistor sections. 
Let I 1 and I 2 be the collector to base leakage currents for the N-P-N co co 
and P-N-P sections respectively. Therefore from Figure 10 we can write 
the following equations: 
and I = I l + I 2 • a c c 




(l + hFEl)(l + ~E2)(Icol + 1co2) 
1 
- hFE2 X hFEl 
(18.) 
17 
With positive anode to cathode voltage across the SCR main terminals and 
no voltage applied to the control gate, the gain (G = hFEl x hFE2) 
is much less than unity. The denominator of equation (18.) approaches 
one, and I is slightly higher than the sum of the individual transistor 
a 
leakage currents. Under the above conditions, the SCR is said to be in 
the forward blocking or "OFF" state. The switch to the low impedance 
or "ON" state, is accomplished by raising the gain (G) to one. From 
equation (18.) it can be seen that, as hFEl x hFEZ approaches one, Ia 
approaches infinity. As this happens, each transistor drives the other 
into saturation. Once in saturation, all junctions assume a forward 
bias and the potential drop across the device is approximately the same 
as that of a single P-N junction. 
B. Unijunction Triggering Circuit 
A Unijunction Transistor (UJT) was used to provide a suitable volt-
age pulse for triggering the SCR's. A schematic representation of a 
UJT is shown in Figure 11. 
The UJT has three terminals which are called emitter (E), base one 
(B1), and base two (B2). The UJT has the characteristics of an ordinary 
resistance between B1 and B2 • This resistance is called the interbase 
resistance, and has values in the range 4.7K to 9.1K ohms. The normal 
biasing of the UJT is also shown in Figure 11. 
IE---{> 
Figure 11. Unijunction Transistor Symbol 
r--------.------0+ v 1 
R 
Figure 12. Basic Unijunction Transistor Trigger Circuit 
Full Wave 
Rectified 
To SCR Gate 
Figure 13. Circuit for Sychronization to AC Line 
18 
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If the emitter voltage (VE), is less than the emitter peak point 
voltage (Vp), the emitter will be reverse biased and only a small reverse 
leakage current will flow. When VE becomes equal to Vp and the emitter 
current (IE) becomes greater than the peak point current (Ip), the UJT 
will turn on. In the on condition, the resistance between the emitter 
and base-one is very low. Due to this low resistance, the emitter cur-
rent will be limited primarily by the series resistance of the emitter 
to base-one external circuit. 
The peak point voltage of the UJT varies directly with the inter-
base voltage (VBB), according to equation (19.): 
The parameter n is called the intrinsic standoff ratio. The value of 
n lies between 0.51 and 0.82, and the voltage VD, the equivalent emitter 
diode voltage, is approximately 0.5 volt. 
The basic UJT trigger circuit is shown in Figure 12. The capacitor 
(C1) is charged through the resistance (R1) until the emitter voltage 
reaches VP' at which time the UJT turns on, discharging c1 through re-
sistance ~1 • When the emitter voltage has decreased to about two volts, 
the emitter ceases to conduct, the UJT turns off and the cycle repeats. 
The basic circuit shown in Figure 13. was used to provide synchro-
nization of the UJT with the 60 hertz line input. A full wave rectified 
signal obtained from a rectifier bridge is used to provide the power and 
synchronizing signal to the trigger circuit. The Zener diode CR1 is 
used to clip the peaks o£ the AC as shown in Figure 13. At the end of 
each half-cycle the voltage at base-two of the UJT will drop to zero, 
causing the UJT to trigger. Therefore, the capacitor c1 is discharged 
at the end of each half-cycle and the circuit is synchronized with the line. 
20 
The value of ~2 was calculated from the following equation given 
by the General Electric SCR manual. 
10000 
n x v2 
Therefore RB2 = 390 ohms if n is assumed equal to 0.74 and v1 is a 
maximum value of 35 volts. The pulse output of the circuit of Figure 13 
was coupled through series resistors to the SCR control gates. Therefore, 
the value of ~l must be chosen such that the DC voltage at the SCR gate 
due to interbase current, is less than the minimum voltage required to 
fire the SCR. To meet the above requirement, ~l is chosen according 
to the following inequality: 
~1 x vl 
~B(Min.) + ~1 + ~2 < VGT(Max.) 
where: ~B = interbase resistance= 4.7K ohms. 
The above inequality is satisfied if ~l is chosen to be 47 ohms, V 1 
is 16 volts, and ~2 is 390 ohms as previously specified. 
The phase angle of triggering is controlled by the time constant 
R1c1 • As the time constant is varied from 0.3 to 8.0 milliseconds, the 
angle of triggering varies from 10 to 180 degrees. 
C. Phase Control 
Phase control is the process of rapid ON-QFF switching which con-
nects an AC supply to a load for a controlled fraction of each cycle. 
This is a very efficient means for controlling the average power to 
loads, such as lamps, motors, DC supplies, etc. The average power sup-
plied is controlled by controlling the phase angle of the AC wave at 
. which the SCR is triggered. Once the SCR is triggered, it will conduct 
for the remainder of that half-cycle. 
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Since the field winding of the dynamometer is normally excited by 
a DC supply, a full wave rectifier was needed to give an average DC out-
put from the controller. 
The two basic means of full wave rectification are a centertap trans-
former, or a full wave rectifier bridge. The full wave bridge was chosen, 
because the peak reverse voltage with this method is only one half the 
peak reverse voltage incurred with the centertap method. 
The basic full wave bridge circuit used is shown in Figure 14. The 
two SCR 's with common cathode and the diodes C~ make up the four legs 
of the rectifier bridge. The load is shown as the series resistance (R) 
and inductance (L). The diode CR2 is called a free-wheeling diode. 
Highly inductive DC loads often require a free-wheeling diode in parallel 
with the load to allow current flow through the load when the SCR' s are 
OFF. When an inductive DC load is used in a bridge circuit, the induct-
ance causes a holding current to flow through an SCR and the bridge diode 
during the time when line voltage goes through zero, thus preventing 
commutation. (Commutation in an SCR, is the turn-off process). The 
addition of the free-wheeling diode (CR2) is required to by-pass this 
current around the SCR's. 
The load voltage waveform is shown in Figure 15. The following 
specifications are in reference to Figures 14 and 15. ~ is the· average 
DC load voltage at a - 0. a is the phase angle of the AC wave at which 
the SCR is triggered. 
Peak forward voltage on SCR = E 
Peak reverse voltage on SCR = E 
Peak reverse voltage on CR1 and CR2 = E 
Maximum load voltage; En = 2E/3.14 
22 
CRl CRl 
CR2 . Load 
R 




Figure 15. Load Voltage Waveform 
23 
Load voltage ve~sus trigger delay angle (a) En = E(l+cosa)/3.14 
Maximum steady-state current in SCR = E/(3.14 x R) 
Max~um steady-state current in CR1 = Ej&.l4 x R) 
Maximum steady-state current in CR2 = 0.26(2xE/3.14 x R) 
The above specifications were used for picking the proper SCR's and 
'----------·--···· 
diodes. 
D. High Gain Transistor Trigger Circuit 
The trigger circuit shown in Figure 13. is adequate for manual con-
trol, but for automatic control where a high input impedance and high 
control gain are needed, a transistor preamplifier is a logical choice. 
Figure 16, is a schematic representation of the transistor pre-
amplifier. The two N-P-N transistors are connected as a complementary 
pair, and act as a single N-P-N transistor with a current gain equal to 
the product of the individual current gains of the two transistors ~· 
A small DC signal at the base controls the much larger collector to 
emitter current. 
The preamplifier of Figure 16, replaces the variable resistor R1 
shown in Figure 13. 
The complete controller circuit is shown in Figure 17. Q) • A single 
UJT (Q1) is used to fire both SCR's on alternate half cycles, depending 
upon which of the two SCR's has a positive anode voltage at the t~e the 
gate pulse occurs. 
The four diodes labeled CR1 and CR2 form a full wave bridge circuit 
for supplying power to the UJT control circuit. 
The resistor R1 is a current limiting resistor to limit the maximum 











Figure 17. Phase-Controlled D.C. Power Supply 
With Transistor Preamplifier 
26 
V. EXPERIMENTAL PROCEDURE 
The frequency response of the feed-forward elements of the control 
system and a satisfactory system gain for both proportional and propor-
tional plus integral control were to be experimentally determined. 
Frequency-response methods provide a convenient method for investigating 
the behavior of dynamic systems. 
A Heathkit Electronic Analog computer was used to provide summing 
junctions, operational amplifiers, integrators, multiplication by a 
constant, and power supplies for the control system. A Sanborn model 
150 dual channel recorder was used to record voltages corresponding to 
input and output torques. A Hewlett-Packard model 202A frequency generator 
was used to provide a sinusoidal input for the frequency response measure-
ments. 
The desired input torque was in the form of a voltage input to the 
SCR controller. The output torque, which was the torque absorbed by 
the dynamometer, was converted from foot-pounds to volts by a rotary 
potentiometer. The field frame of the dynamometer is free to rotate ex-
cept as retained by a scale. The torque absorbed by the dynamometer is 
transmitted to the field frame by electromagnetic interaction of the 
rotor and field current. The torque output is the product of the length 
of the field frame moment arm and the pounds· pull on the scale. The 
linear deflection of the scale was proportional to pounds pull on the 
scale as shown in Appendix B. The linear motion of the field frame mo-
ment arm is changed to a rotary motion through a set of gears inside 
the scale. This rotary motion is the input to the output torque 
potentiometer. 
27 
The feed-forward elements of the control system are: the transistor 
preamplifier, the SCR phase controlled power supply, the DC generator 
field, the torsional system consisting of the field frame and the springs 
in the scales attached to the field frame. The block diagram for the 
feed-forward elements of the control system. is shown in Figure 18. In 
block diagrams, circles indicate summing points and blocks indicate 
multiplication. 
The time constants for vacuum tube, gas tube, transistor, and con-
trolled rectifier amplifiers are usually quite small and may be neglected 
in preliminary calculations. The amplifier is thus represented only by 
its gain ( G A) <1.:.) • 
The response of the feed-forward elements was then experimentally 
determined. The system was operated at a constant torque output of 
140 foot-pounds. A sinusoidal input was applied to the controller such 
that the amplitude of the sine wave resulted in a total amplitude range 
of torque equal to ten percent of the operating point. The range was 
from 133 to 147 foot-pounds. The sinusoidal input was varied from 0.01 
to 1.0 cycles per second. The results of the above are shown in Appen-
dix A. A graph of the log magnitude of the absolute value of the ratio 
of the amplitude of the output to the input versus frequency in radians 
per second is shown in Figure 19. 
The analog computer block diagram is shown in Figure 20. The circles 
on the analog computer block diagrams, indicate potentiometers which 
provide multiplication by a constant between zero and one. 
A closed loop system was set up with proportional control and the 
controller gain was tuned such that a satisfactory response for the system 
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Figure 18. Feedforward Block Diagram 
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Figure 20. Computer Block Diagram for 






183.8, and 227.5 foot-pounds. The closed loop torque control system 
was formed by summing the voltage output of the output potentiometer with 
the voltage input such that the actuating signal to the control elements 
acted in such a way to zero the error. The voltage output represents 
output torque and the voltage input represents desired torque. The 
summing point for this system consisted of an amplifier on the analog 
computer where two signals or voltages may be added or subtracted. 
The desired response was to reach the new set point as fast as 
possible with a minimum amount of overshoot. This was achieved by varying 
the gains and experimentally looking at the response of the system. 
The block diagram for the above system is shown in Figure 21. The 
step input was equal to ten percent of the operating point~ and was ap-
plied as a step voltage increase at the controller by closing the switch 
(S2) shown in Figure 22. 
A closed loop control system was also set up with proportional plus 
integral control and a satisfactory gain for the system was experimentally 
determined for operating points of 52.5~ 96.2, 140.0, 183.8, and 227.5 
foot-pounds. The proportional plus integral control system was formed 
in the same way as the proportional control system by summing the voltage 
representing output torque with the voltage representing desired torque, 
such that the actuating signal out of the summing point acted in such a 
way to zero the error. With proportional plus integral control~ an 
integrator is added between the summing junction and the controller as 
shown in Figure 24. 
The desired response was to reach the new set point as fast as pos-
sible with a minimum amount of overshoot. This response as with pro-
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Figure 22. Computer Block Diagram for Proportional Control 
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The block diagram for the above system is shown in Figure 23. 
The step input was equal to ten percent of the operating point, and was 
applied as a step voltage increase at the controller by closing the 
switch (s1) shown in the computer block diagram of Figure 24. 
The transfer function of the feed-forward elements can be deter-
mined analytically, but only approximately since constants such as the 
inertia of the dynamometer field frame are not available and cannot be 
calculated exactly without exact dimensions and weights of the field 
frame parts. 
The transfer functions for ~ndividual components of the feed-forward 
system was determined analytically, and the overall transfer function was 
the product of these components. 
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VI. EXPERIMENTAL RESULTS AND CONCLUSIONS 
From Figure 19, it can be seen that the asymtotes of the low and 
high frequency parts of the curve intersect at 1.1 radian/second. The 
slope of the high frequency section is -2 log units per decade. 
The above information indicates that a quadratic term is in the 
denominator of the transfer function of the feed-forward elements. Also, 
the break point frequency :is the natural frequency for the quadratic. 
The frequency response :is therefore given by: 
K G(jw) = ----~-----~ 2 2 2 (w1 w + j2~~w)/~ 
Substitution of S for jw yields the transfer function. 
K G(s) = -----=-----2 2 2 (S + 2~w1s + w1 )/~ 
(20.) 
The value of K can be determined from the low frequency portion 
of the curve since: 
G(jw) = K w9d 0 
K = 1.0 
By comparison of the log magnitude pl.ot of Figure 19. with a set of 
general response curves depicting different val.ues of damping, it can be 
seen that the damping ratio ~ :is approximately 0.9 (§_:..). 
The dynamometer fiel.d frame and the springs in the scale form a 
torsional system, described by the following equation. 
T = (JD2 + BD + K)e (21.) 
where: T = torque 
J = mass moment of inertia 
B = coefficient of viscous damping 
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K = torsional spring rate 
e = angular displacement 
D = differential operator 
The natural frequency of a torsional system may be d rmi ete ned by the 
energy method <§.:): 
T = U 
max. max. (22.) 
where T and U are the kinetic and potential energies respectively. 
Assume the oscil.latory motion is harmonic and can be expressed by: 
e = A sin w t 
n 
The maximum kinetic and potential energies are: 
u = 'Kr/ = •KA2 
max. 2 max. 2 
Equating the two energies and solving for the natural frequency wn yields: 
(23.) 
Of course this gives the natural frequency with zero damping. 
For damping less than critical, the damped natural frequency is 
given by (.!!.:): 
2 t ~ = (1 - ~ ) • (I) n (24.} 
The undamped natural frequency of the torsional system was found 
by equation (23.). The weight of the field frame was estimated to be 
1500 pounds. The mass moment of inertia (J) is given for thin walled 
cylinders as: 
were: 
J = ~2 
gc 
M = total mass 
R = Radius 
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now: 
The torsional spring constant K was determined from the data of Appendix 
B which relates static deflection of the field frame torque arm to 
pounds scale reading. The angular displacement of the field frame for a 
scale reading of 280 pounds was 0. 015 radians. The spring constant . K 
is 32~600 lb.ft./radian. The undamped natural frequency is: 
(J} 
n 
= (32,600 ft.lb./rad)t _ 20 4 ~ 77.8 ft.1b.sec2 - • sec 
Then the damped natural frequency from equation (24.) is: 
w.... = (1 - 81)!20.4 = 8 9 rad 
.u • • sec 
The time constant 'l for this quadratic term is -r1 = 1/ t.JtJ = .112. 
The field and armature circuits each have a time constant •z and 
-r3 as discussed previously. 
The resistance and inductance of the field and armature Circuits 
were measured with a General Radio type 1650 Impedance Bridge and are: 
field resistance - 43.0 ohms 
field inductance - 2.0 henries 
armature resistance - 2.4 ohms 
armature inductance - 800 micro-henries 
The time constant for a resistance and inductance in series is T = L/R. 
The time constant for the field is '! = 1 f/Rf = 0.047 and w2 = 21. 2 rad/sec. 2 . 
The time constant for the armature is Ta = La/Ra = 0.0003 and w3 = 
3333 rad/sec. 
From the above it can be seen that the break point frequencies for 
the field and armature are sufficiently higher than the field frame 
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torsional system that they don't affect the frequency response of the 
system. 
The frequency response of the SCR controller was made and the 
breakpoint frequency was approximately 100 rad/sec, therefore the assump-
tion made previously, that the controller may be represented only by its 
gain, is valid. 
The most satisfactory response was achieved when the gains of amplifier 
2A and 2B were set according to the values shown in Appendix c for the 
various operating points. Figure 25. is a sample of the response of the 
proportional control system for different values of gain. 
For proportional plus integral control a satisfactory response was 
obtained when the gain of amplifiers 2 and 5 and the gain of integrator 
3 were as shown in Appendix D for the various operating points. Figure 
26. is a sample of the response of the proportional plus integral con-
trol system for different values of gain. 
The values of gain shown in Appendices C and D are for operation 
about each operating point as shown. For operation over the torque range 
of 50 to 190 foot-pounds, it appears that a gain of 4.0 and 6.0 on 
amplifier 2A and 2B respectively would provide satisfactory operation 
with proportional control. Similarly for operation over the same torque 
range with proportional plus integral control, the gain on amplifier 
2 and 5 should be approximately 12.0 and 1.0 respectively. The gain on 
integrator 3 should be 8.0. 
The closed loop torque control system operation was satisfactory 
in that the system could control torque loading up to a maximum of 
227.0 foot-pounds at frequencies up to one cycle per second. 
I 
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.I ~1 sec. 
(a.) (b.) 
.. ;.r~; sec 
(c,) 
Figure 25. Response of the Proportional System 
to a Step Input 
(a.) Gain Too Low, Slow Response 
(b.) Gain Satisfactory, Good Response 
(c.) Gain Too High, Too Much Overshoot 
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(c.) 
Figure 26. Response of the Proportional Plus 
Integral Control System To a 
Step Input . 
(a.) Gain Too low, Slow Response 
(b.) Gain Satisfactory, Good Response 








































FREQUENCY RESPONSE DATA FOR 
FEEDFORWARD CONTROL ELEMENTS 













-.330 1. 510 
-.360 1. 635 
-.426 1.760 




















APPENDIX B. DYNAMOMETER SCALES DATA 
Balance Weight Scale (lb.) Deflection IJ. 
20 10 o.oooo 
.0112 30 21 0.0112 
.0118 40 30 0.0230 
.0097 50 40 0.0327 
.0116 60 51 0.0443 
.0111 
70 60 0.0554 
.0113 
80 70 0.0667 
.0118 
90 80 0.0785 
.0110 
100 90 0.0895 
.0115 
110 100 0.1010 
.0103 
120 109 0.1113 
·. 0113 
130 119 0.1226 
.0117 
140 129 0.1343 .0098 
150 139 0.1441 .0109 
160 149 0.1550 .0110 
170 159 0.1660 .0107 
180 168.5 0.1767 .0115 
190 178.5 0.1882 .0108 
200 188 0.1990 .0110 
210 197 0.2100 .0114 
220 206.5 0.2214 .0118 
230 216.0 0.2332 .0118 
240 226.0 0.2450 .0110 
250 236.0 0.2560 .0107 
260 246.0 0.2667 .0082 
270 256.~ 0.0082 .0096 
280 266.5 0.0178 .0011 
290 276.5 0.0289 .0109 
300 286.5 0.0398 
APPENDIX D. GAINS FOR PROPORTIONAL 
PLUS INTEGRAL CONTROL 
Torque (foot-pounds) Amplifier 2 Integrator 3 
47.2 - 51.4 20 8 
87.5 - 96.3 12 8 
126.0 - 140.0 14 8 
166.2 - 183.6 15 10 









APPENDIX E. OPERATING INSTRUCTIONS 
The operation of the dynamometer with the automatic control system 
is essentially the same as with manual control, except for exceptions as 
noted below. 
Operating instructions GEI-7802 provide procedures for manual opera-
tion. The dynamometer panel wiring diagram number K-2281402 is also in-
eluded in the above instructions. 
The field voltage and current are supplied· by the main field rheo-
stat and vernier rheostat through connections labeled F1 and F2 as shown 
in the above instructions. For automatic control the connections F1 and 
F2 must be broken and the field connected to the output of the SCR con-
troller. This is accomplished by using a double pole - double throw 
switch as shown in Figure 27. 
For motor or generator operation with manual control the double 
pole-double throw (DPDT) switch is placed in the manual position and the 
procedure shown in GEI-7802 is used. 
For automatic control, the dynamometer must be started as a motor 
with manual control then the instructions are as follows: 
With the dynamometer running as a motor at normal speed (armature 
dial switch in extreme clockwise position, field rheostats in counter 
clockwise positions, and load switch indicating OFF) prepare engine for 
starting. 
When engine fires, proceed as follows: 
1. Adjust engine throttle until ammeter on the control panel registers 
zero current, then turn "line" control switch to "stop
11 
• This will 
drop out the line contactor, then throttle engine down to low 
speed. 
To SCR Power Supply 
! Automatic 
l l Manual 
To F1 and F2 on control panel 
Figure 27. Double Pole Double Throw Switch 
47 
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Turn the main field rheostat to the full clockwise position such 
that the voltmeter reading on the control panel is at a minimum. 
Place the DPDT switch in the automatic position. Turn the "load'' 
control switch to 11 on" position. This places the absorption re-
sister in the armature circuit. 
The torque is now dependent on engine speed and fie1d excitation. 
The field excitation is varied by the voltage input to the SCR 
controller. 
o stop operation when the dynamometer is acting as a generator, turn 
,ff engine, reduce field voltage to zero, turn the "loadn control switch 
:o 110ff" and put the DPDT switch in the manual position. The DPDT manual.-
ru:tomatic switah shou'ld not be moved from the automatic: position to the 
nanuaZ. position whil-e the fiel-d is being excited. If this preaaution 
is not observed, damage to el-eatronic componentf3 may zoesuZt. 
. ' I 
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